Abstract. The present study investigated the mechanism underlying the antitumor activity of the histone deacetylases inhibitor valproic acid (VPA), alone and in combination with doxorubicin, a synthetic chenodeoxycholic acid derivative (HS-1200), or the proteasome inhibitor lactacystin on cultured anaplastic thyroid carcinoma KAT-18 cells. Cell viability was evaluated by trypan-blue exclusion. Western blotting determined caspase and histone deacetylase activities and expression of poly(ADP)-ribose polymerase. Induction of apoptosis was identified by Hoechst staining, DNA electrophoresis, DNA hypoploidy and cell cycle phase analysis, and measurement of mitochondrial membrane potential. Subcellular translocation of apoptosis inducing factor and caspase-activated DNase after treatment was determined by confocal microscopy following immunofluorescent staining. VPA treatment increased apoptotic death of KAT-18 cells. VPA treatment was also associated with degradation of procaspase-3, procaspase-7, and poly(ADP)-ribose polymerase; induction of histone hyperacetylation; condensation of peripheral chromatin; decreased mitochondrial membrane potential and DNA content; and decreased translocation of apoptosis inducing factor and caspase-activated DNase. VPA in combination with doxorubicin, HS-1200, or lactacystin, applied at the highest concentrations that did not induce KAT-18 cell death, efficiently induced apoptosis in KAT-18 cells. The results suggest VPA combination therapy may represent an alternative therapeutic strategy for anaplastic thyroid carcinoma.
Introduction
One of the most important mechanisms in chromatin remodeling is acetylation-mediated posttranslational modification of the amino-terminal tails. Histone acetylation contributes to a 'histone code' that determines the activity of target genes (1) . Histone deacetylases (HDACs) reciprocally regulate acetylation of core nucleosomal histones. HDACs catalyze the removal of acetyl groups on the aminoterminal lysine residues of core nucleosomal histones, and this activity is generally associated with transcriptional repression. Transcriptionally silent chromatin is composed of nucleosomes, histones that have low levels of acetylation at amino-terminal lysine residues. Acetylation of histones by neutralization of the positive charge contributed by lysine residues and by disruption of the nucleosome structure allows unfolding of the associated DNA and subsequent access by transcription factors. Changes in gene expression follow. Transcription factors such as Mad-1, bcl-6, and ETO also assemble HDACdependent transcriptional repressor complexes (2) . Since aberrant recruitment of HDAC activity is associated with the development of certain human malignancies (3), HDAC is one therapeutic target for cancer treatment.
HDAC inhibitors (HDACIs) inhibit malignant cell growth in vitro and in vivo to bring about the reversion of oncogenetransformed cell morphology (4) and to induce apoptosis (5) . Several classes of HDACIs have been identified; these include organic hydroxamic acids such as trichostatin A (TSA) and suberoyl anilide bishydroxamine (SAHA), short-chain fatty acids such as butyrates and valproic acid (VPA), cyclic tetrapeptides (e.g., trapoxin), and benzamides (e.g., MS-275) (6) .
VPA is a well-known anticonvulsive agent that has been used in the treatment of epilepsy for almost 30 years. More recently, VPA has been shown to exhibit antineoplastic activity, inhibiting proliferation and inducing differentiation of primitive neuroectodermal tumor cells in vivo (7) . VPA's antitumor activity is associated with the targeting of HDAC (8, 9) . In particular, VPA down-regulates class II HDAC protein levels significantly in several cell types, in contrast to TSA, implying that VPA might be a more selective HDACI than TSA (10) . INTERNATIONAL JOURNAL OF ONCOLOGY 34: 1353 -1362 , 2009 Efficacy on anaplastic thyroid carcinoma of valproic acid alone or in combination with doxorubicin, a synthetic chenodeoxycholic acid derivative, or lactacystin
To date, several studies have investigated the efficacy of VPA alone and as part of combination therapy for the treatment of various types of malignancy (11, 12) . The present study extends this avenue of research by examining the mechanism underlying antitumor activity of VPA for anaplastic thyroid carcinoma (ATC) and to utilize the compound in novel combination treatments.
Materials and methods
Reagents. Rabbit polyclonal anti-caspase-3, caspase-7, caspaseactivated DNase (CAD) and apoptosis inducing factor (AIF) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse polyclonal anti-human poly(ADP)-ribose polymerase (PARP) antibody was from Oncogene (Cambridge, MA, USA); fluorescein isothiocynate (FITC)-conjugated goat anti-rabbit and horse anti-mouse immunoglobulins (IgGs) were purchased from Vector Laboratories (Burlingame, CA, USA). Rabbit polyclonal anti-human histone H4 antibody was from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase (HRP)-conjugated donkey anti-rabbit and sheep anti-mouse IgGs were from Amersham Pharmacia Biotech (Piscataway, NJ, USA). VPA, dimethyl sulfoxide (DMSO), Hoechst 33342, RNase A, proteinase K, aprotinin, leupeptin, phenylmethylsulfonyl fluoride (PMSF), phenol red-free RPMI-1640, and propidium iodide were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine seum (FBS), sodium pyruvate solution, and non-essential amino acid solution for minimum essential medium (MEM) were purchased from Gibco (Gaithersburg, MD, USA). Doxorubicin was obtained from Dong-A Pharmaceutical (Seoul, Korea). The proteasome inhibitor lactacystin was acquired from Calbiochem (San Diego, CA, USA). The synthetic chenodeoxycholic acid (CDCA) derivative HS-1200, which is a conjugated form of CDCA with ß-alanine benzyl ester (N-[(3·,5ß,7·)-3,7-dihydroxy-24-oxocholan-24-yl] ß-alanine benzyl ester), was synthesized as previously described (13). 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazol carbocyanine iodide (JC-1) was purchased from Molecular Probes (Eugene, OR, USA). SuperSignal West Pico enhanced chemiluminescence Western blot detection reagent was purchased from Thermo Scientific (Rockford, IL, USA).
Cell culture. Cells of the KAT-18 cell line (kindly provided by Dr Ain KB, University of Kentucky Chandler Medical Center, Lesington, KY, USA) were maintained at 37˚C in an atmosphere of 5% CO 2 in RPMI-1640 with 2 mM L-glutamine and Earle's Balanced Salt Solutions adjusted to contain 2.0 g/l sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, and 10% FBS. The medium was replaced two to three times per week and cells were passaged at subconfluency.
VPA treatment and assessment of cell viability. Stock solutions of 2 M VPA made by dissolving the drug in phosphatebuffered saline (PBS) were kept at -20˚C until required. Twenty-four hours after KAT-18 cells were subcultured, the original medium was removed. Cells were washed with PBS and then incubated in fresh medium. A volume of the VPA stock solution was added to the medium to obtain a final concentration of 4.5 mM. After 0, 8, 16, 24, 48 , and 72 h cells were harvested, stained with trypan-blue, and counted using a hemacytometer to determine viability. Preliminary experiments (not shown) revealed that the DMSO concentration used had no effect on KAT-18 cell proliferation.
Assessment of co-treatment of VPA and doxorubicin, HS-1200, or lactacystin. Since 1 mM VPA, 0.25 μM doxorubicin, 25 μM HS-1200, or 1 μM lactacystin represented the highest concentrations that did not induce KAT-18 cell death (data not shown), we determined to utilize that particular concentration of each compound for the combination treatment study. KAT-18 cells were co-treated with 1 mM VPA and 0.25 μM doxorubicin, 25 μM HS-1200, or 1 μM lactacystin for 48 h. Cells were harvested and viability was determined as described above.
Hoechst staining. Cells were harvested and the cell suspension was cytocentrifuged onto a clean, fat-free glass slide. The samples were stained in 4 μg/ml Hoechst 33342 for 30 min at 37˚C and fixed for 10 min in 4% paraformaldehyde.
DNA electrophoresis. Cells (2x10 6 ) were resuspended in 1.5 ml of lysis buffer consisting of 10 mM Tris (pH 7.5), 10 mM ethylene diamine tetraacetic acid (EDTA) (pH 8.0), 10 mM NaCl, and 0.5% sodium dodecyl sulfate into which 200 μg/ml proteinase K was added. After samples were incubated overnight at 48˚C, 200 μl of ice cold 5 M NaCl was added and the supernatant containing fragmented DNA was collected after centrifugation. The DNA was then precipitated overnight at 20˚C in 50% isopropanol and treated with RNase A for 1 h at 37˚C. A 15-μl volume of DNA from 10 6 cells was loaded on each lane of 2% agarose gels in Tris-acetic acid/EDTA buffer containing 0.5 μg/ml ethidium bromide. The DNA fragments were separated by 1.8% agarose gel electrophoresis at 50 mA for 1.5 h and visualized under ultraviolet light.
Quantification of DNA hypoploidy and cell cycle phase analysis by flow cytometry. Ice-cold 95% ethanol with 0.5% Tween-20 was added into a cell suspension to produce 70% ethanol. Fixed cells were pelleted, and washed with PBS containing 1% bovine serum albumin (BSA) (PBS-BSA). Cells were resuspended in 1 ml PBS containing 11 Kunitz U/ml RNase, incubated at 4˚C for 30 min, washed once with PBS-BSA, and resuspended in 50 μg/ml propidium iodide. After cells had been incubated at 4˚C for 30 min in the dark and washed with PBS, the DNA content was measured on an Epics XL (Beckman Coulter, Fullerton, CA, USA) and data were analyzed using the Multicycle software, which allowed a simultaneous estimation of cell cycle parameters and apoptosis.
Western blot analysis. Cells (2x10 6 ) treated with each drug were washed twice with ice-cold PBS and resuspended in 200 μl ice-cold solubilizing buffer consisting of 300 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.5% Triton X-100, 2 mM phenylmethylsulphonyl fluoride, 2 μl/ml aprotinin, and 2 μl/ml leupeptin. Following incubation at 4˚C for 30 min, the cell lysate was centrifuged at 14,000 rpm for 15 min at 4˚C. The protein concentration was determined using a commercial version of the Bradford protein assay (Bio-Rad, Richmond, CA, USA). Equivalent quantities of protein were loaded to a gel containing a 7.5-15% gradient of polyacrylamide for sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The separated proteins were transferred to a nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and reacted with anti-PARP, anti-caspase-3, anticaspase-7, and anti-histone H4 antibodies. Immunostaining with antibodies was performed using SuperSignal West Pico enhanced chemiluminescence substrate and detected with LAS-3000 Plus (Fuji Photo Film Co., Kanagawa, Japan). Equivalent protein loading was confirmed by Ponceau S staining.
Immunofluorescent staining. Cells were harvested and cytocentrifuged onto a clean, fat-free glass slide, fixed for 10 min in 4% paraformaldehyde, incubated with each primary antibody for 1 h, washed three times each for 5 min with PBS, and then incubated with FITC-conjugated secondary antibody for 1 h at room temperature. Cells were then mounted with glycerol and examined using a Zeiss LSM 510 laser-scanning confocal microscope (Carl Zeiss, Göttingen, Germany).
Assay of mitochondrial membrane potential (MMP)
. JC-1 dye was added directly to the cell culture medium (1 μM final concentration) and incubated for 15 min. The medium was then replaced with PBS. Flow cytometry to measure MMP was performed on an Epics XL (Beckman Coulter). Data were acquired and analyzed using EXPO32 ADC XL 4 color software. The analyzer threshold was adjusted on the forward scatter (FSC) channel to exclude noise and most of the subcellular debris.
Statistical analysis. The results of the experimental and control groups were tested for statistical significance by the non-parametric Kruskal-Wallis test. For in vitro experiments, four independent experiments were done. Statistical results are expressed as the mean and the standard deviation of the means obtained from triplicates of each independent experiment. In all cases, a P<0.05 was considered significant.
Results

VPA reduces the viability of KAT-18 cells.
Exposure of KAT-18 cells to 4.5 mM VPA for 0, 8, 16, 24, 48 , and 72 h produced a significant decrease in cell viability in a timedependent manner, with cell death evident at 24, 48, and 72 h (Fig. 1A) .
VPA-induced reduction of KAT-18 cell viability is caused by apoptosis.
Microscopic observation of cells after Hoechst staining demonstrated condensation on peripheral chromatin in some cells treated with VPA. However, typical nuclear condensation or fragmentation was not observed (Fig. 1B) . Flow cytometry, which allowed the simultaneous estimation of cell cycle parameters and apoptosis, revealed decreased DNA content (Fig. 1C) . However, ladder-like DNA fragments ranging in size from ~200 to 2,000 bp were not detected in DNA electrophoresis (Fig. 1D) .
Involvement of mitochondria and caspases in VPA-induced apoptosis of KAT-18 cells.
Loss of MMP (Δae m ) is a common event in many pathways of apoptosis induction. To examine the mitochondrial involvement in this type of apoptosis, MMP assay was conducted. MMP decreased in VPA-treated cells ( Fig. 2A) . Time-dependent degradations of procaspase-3, procaspase-7, and PARP protein (p116 kDa) were also evident (Fig. 2B) . We next examined whether AIF was translocated from mitochondria into the nucleus, since AIF causes peripheral chromatin condensation indicating stage I and high molecular weight DNA fragmentation. Translocation of both AIF and CAD from the cytoplasm into nucleus was evident in VPA-treated cells (Fig. 2C) .
VPA reduces activity of histone deacetylase and induces histone hyperacetylation. A time-dependent increase of the amount of acetylated histone 4 was observed in VPA-treated cells (Fig. 2B) . However, alterations in the levels of histone 2A, 2B, and 3 were not evident (data not shown). (Fig. 3A) . Hoechst staining demonstrated condensation on peripheral chromatin in some cells treated with VPA plus doxorubicin. However, typical nuclear condensation or fragmentation was not observed (Fig. 3B) . Flow cytometry revealed a decreased DNA content in cells treated with VPA plus doxorubicin (Fig. 3C) . However, ladder-like DNA fragments ranging in size from ~200 to 2,000 bp were not detected in DNA electrophoresis (Fig. 3D) . MMP was reduced in cells co-treated with VPA and doxorubicin (Fig. 4A) . Western blotting indicated that procaspase-3, procaspase-7, and PARP protein were degraded in co-treated cells (Fig. 4B) . Confocal microscopy demonstrated that co-treatment of VPA and doxorubicin induced translocation of AIF and CAD into the nucleus (Fig. 4C) .
Co-treatment of 1 mM VPA and 25 μM HS-1200 efficiently induces apoptosis in KAT-18 cells.
Whereas VPA at 1 mM or HS-1200 at 25 μM did not induce apoptosis in KAT-18 cells, co-treatment with 1 mM VPA and 25 μM HS-1200 significantly decreased cell viability (Fig. 5A) . Hoechst staining showed condensation on peripheral chromatin in some cells treated with VPA plus HS-1200. However, typical nuclear condensation or fragmentation was not observed (Fig. 5B) . Flow cytometry demonstrated a decreased DNA content in co-treated cells (Fig. 5C ). However, ladder-like DNA fragments were not detected in DNA electrophoresis (Fig. 5D) . MMP was reduced in cells co-treated with VPA and doxorubicin (Fig. 6A) . Western blotting showed the degradation of procaspase-3, procaspase-7, and PARP protein in co-treated cells (Fig. 6B) . Confocal microscopy demonstrated that co-treatment of VPA and HS-1200 induced translocation of AIF and CAD into the nucleus (Fig. 6C) .
Co-treatment of 1 mM VPA and 1 μM lactacystin efficiently induces apoptosis in KAT-18 cells.
Whereas VPA at 1 mM or lactacystin at 1 μM did not induce apoptosis in KAT-18 cells, co-treatment with 1 mM VPA and 1 μM lactacystin significantly decreased cell viability (Fig. 7A) . Hoechst staining showed condensation on peripheral chromatin in some cells treated with VPA plus lactacystin. However, typical nuclear condensation or fragmentation was not observed (Fig. 7B) . Flow cytometry demonstrated a decreased DNA content in co-treated cells (Fig. 7C) . However, ladder-like DNA fragments were not detected in DNA electrophoresis (Fig. 7D) . MMP was reduced in cells co-treated with VPA and lactacystin (Fig. 8A) . Western blotting showed the degradations of procaspase-3, procaspase-7, and PARP protein in co-treated cells (Fig. 8B) . Confocal microscopy demonstrated that co-treatment of VPA and lactacystin induced translocation of AIF and CAD into the nucleus (Fig. 8C) .
Discussion
ATC is a relatively uncommon and highly aggressive neoplasm. Surgical excision is rarely feasible and ATC is the least radiosensitive among all thyroid tumors and is nonresponsive to I-131 therapy (14, 15) . Chemotherapy is used if the tumor has characteristics of no response to I-131, nonoperability, and no effect to external radiotherapy.
Potentially better antitumor effectiveness at much lower drug doses and reduced extent and severity of treatmentrelated toxicity can be anticipated by combination treatment. HDACIs, which sensitize cancer cells to apoptosis, have also been employed for combination treatment. Synergistic antitumor efficacy exhibited by HDACIs and chemotherapeutic drugs has been demonstrated to result from multiple mechanisms such as up-regulation of proapoptotic proteins or downregulation of antiapoptotic members (16, 17) . Despite current multimodal approaches to the treatment of ATC, prognosis is still grave. Therefore, a new therapeutic strategy for ATC is desperately needed.
Given that the antitumor activity of VPA is not accompanied by any signs of gross toxicity such as weight loss, diarrhea or gastrointestinal bleeding (18), a combination treatment utilizing VPA could potentially result in optimal antitumor effectiveness with much lower drug doses, thus reducing the extent and severity of treatment-related toxicity.
VPA has been used in the monotherapy or combination therapy for various types of malignancy (11, 19, 20) . In either mode, VPA exhibits antiproliferative activity. Of note, VPA significantly enhances antipaeligerative activity at clinically relevant concentrations (12, 21) that can be achieved in a patient's serum when administering a daily dose of 20-30 mg/ kg for epilepsy. Thus, VPA represents a promising potential therapeutic agent for cancers. Presently, we demonstrate that VPA monotherapy is capable of inducing apoptosis.
Combination anticancer therapies using VPA and other drugs, especially compounds that are non-toxic, may offer a substantial advantage over VPA monotherapy in a clinical setting. VPA combined with all-trans retinoic acid (22) or interferon · (9) enhances the efficacy of each antitumor agent. Presently, three VPA-based combination anticancer therapies using doxorubicin, HT-1200, or lactacystin were explored for their efficacy against ATC. Doxorubicin is the most effective single agent against ATC. Although doxorubicin causes cell death, at least in part, by inducing apoptosis in ATC cells (23) , the mechanism underlying its pharmacological efficacy is not been fully understood. HDACI sensitizes ATC cells to doxorubicin, which induces apoptosis by reducing histone deacetylase activity and inducing hyperacetylation of histone (24) . These observations, combined with the knowledge that VPA augments doxorubicin efficacy, have made the combination of VPA and doxorubin an attractive speculative therapy. The present results bolster this approach by demonstrating the efficient induction of apoptosis in KAT-18 cells co-treated with VPA and doxorubicin.
Bile acids are polar derivatives of cholesterol that are essential for the absorption of dietary lipids, and which regulate the transcription of genes that control cholesterol homeostasis. Each kind of bile acid exhibits distinct biological effects (25) . Natural bile salts inhibit cell proliferation and induce apoptosis in various cancer cells (26, 27) . After synthesis by the liver and excretion into the bile canaliculus and the digestive tract, the primary bile acids cholic acid and CDCA are metabolized by enteric bacteria to produce secondary bile acids, primarily deoxycholic acid, ursodeoxycholic acid, and lithocholic acid. Conjugation of bile acids with glycine or taurine is one mechanism by which the hydrophobicity of bile acids is decreased (28, 29) . Conjugation renders the molecules less cytotoxic at physiological concentrations (30) . Elevated concentrations of bile acid within the liver induce hepatocyte apoptosis, which provides a cellular mechanism for bile acid-mediated liver injury (31) . Additionally, the hydrophobic nature of bile acids correlates with induction of apoptosis and/or growth arrest (32) .
Previous studies have demonstrated that several bile acid derivatives induce apoptosis in several human cancer cells including breast carcinoma cells, leukemic T cells, prostate cancer cells, and colon cancer cells (33) (34) (35) . The synthetic CDCA derivative HS-1200 displays antitumor behavior when combined with lactacystin in p815 mastocystoma cells (36) . Furthermore, HS-1200 and another CDCA derivative, HS-1199, induce apoptosis of gastric cancer cells (37) . It has been reported that several synthetic bile acids inhibit angiogenesis in human hepatocellular carcinoma cells (38) and that HS-1200 and HS-1199 are capable of inhibiting cell proliferation and inducing apoptosis in SiHa cells through activation of c-Jun N-terminal kinase and nuclear factor-B (NF-B) (39) . The present data demonstrate that combination therapy with VPA and HT-1200 efficiently induces apoptosis in KAT-18 cells.
The proteasome is a fundamental non-lysosomal tool that cells use to process or degrade a variety of short-lived proteins. Proteolysis mediated by the ubiquitin-proteasome system has been implicated in the regulation of apoptosis (40) . The proteasome pathway works upstream of mitochondrial alterations and caspase activation, and can be involved in different systems including NF-B, Bax, and Bcl-2 (41-43). Proteasome inhibitors, employed alone or combined with other anticancer agents, have been suggested as a new class of potential anticancer agents (44, 45) . This increasing interest stems not only from their direct apoptosis-inducing activity but also from the possibility of the sensitization of neoplastic cells to other antitumor agents. In vitro data supports the idea that proteasome inhibitors increase the sensitivity of tumor cells to the apoptotic action of tumor necrosis factor (TNF), radiotherapy, or chemotherapy (46) . One underlying apoptosis sensitization mechanism is the modulation of NF-B activation (47) . On the other hand, proteasome inhibitors are capable of restoring retinoic acid sensitivity of acute promyelocytic leukemia cells through the inhibition of PML/RAR· degradation (48) . One study has demonstrated that HS-1200 not only decreases proteasome activity, but that the co-treatment of the proteasome inhibitor lactacystin augments HS-1200-induced apoptosis (36) . An in vivo investigation in mice that studied the effect of the combination treatment with a selective proteasome inhibitor and TNF in colon-26 adenocarcinoma also showed that the two drugs are extremely potent when administered together. The present data add to these findings by demonstrating that the combination of VPA with lactacystin efficiently induces apoptosis in KAT-18 cells.
In conclusion, while extensive clinical studies are still necessary combination therapy involving VPA with doxorubicin, HT-1200, or lactacystin holds potential as an alternative therapeutic strategy for ATC.
